Abstract-A fully passive, compact, and low-cost capacitive wireless radio frequency identification (RFID)-enabled sensing system for capacitive sensing and other Internet of Things applications is proposed. This calibration-free sensor utilizes a dual-tag topology, which consists of two closely spaced RFID tags with dipole antennas and printed capacitive sensor component connected to one of the tags. A series LC resonator is used to both reduce the antenna size and improve the isolation between the two antennas and the design/optimization steps are discussed in detail. All components except for the RFID chips are inkjet printed on an off-the-shelf photopaper using a silver nanoparticle ink. The complete sensor dimension is 84 mm × 95 mm and the sensor is compatible with EPC Class 1 Gen 2 (UHF) standard reader technology at 915 MHz.
I. INTRODUCTION
O VER the last decade radio frequency identification (RFID)-enabled sensing systems have received an increasing level of attention mostly due to their relative simple system architecture, that typically consist of simple sensing tags and interrogation readers facilitating their integration with other existing Wireless Sensor Networks (WSN) and RFID infrastructure [1] . In addition, a passive RFID sensing system's Y. Kawahara is with the University of Tokyo, Tokyo 113-8654, Japan (e-mail: kawahara@akg.t.u-tokyo.ac.jp).
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Digital Object Identifier 10.1109/JSEN. 2014.2366915 life time is longer and its cost is much lower compared to active sensing systems, while RFIDs can constitute lowpower wireless platforms [2] with broad sensing capabilities including temperature, gas, strain and humidity sensing [3] - [6] . For example, electronics utilizing low-power RFIDenabled motion sensors can be turned on at user's presence or need, which leads to energy saving. It is also possible to utilize such sensor systems as a smart skin for strain, ambient conditions and biomonitoring sensing applications or a bio-monitoring sensor as well as a Machine-to-Machine (M2M) communication node when it is integrated to the WSNs [7] - [9] . Plus, the RFID-enabled sensor systems could potentially be one of the most enabling factors to implement realistic large-scale topologies of Internet of things (IoT) in the future [10] . Reported works demonstrated feasibility and capability of the RFID-enabled sensors. In [21] , two dipole antennas were printed on paper substrate and a sensor tag had a printed resistive sensor. The resistance of the resistive sensor changes as the sensor absorbs the moisture. In [22] , two ordinary RFID tags were utilized while one of them was covered with a water-absorbing material. Those reported works are measuring the required minimum transmitted (Tx) power to detect the moisture content of the ambient environment based on the dual-tag sensing topology. However, those reported sensor systems work at high relative humidity value more than 70 % to get a notable signal difference between the sensor and the reference tags while having a larger size compared to the proposed design in this paper. The size of the reported sensor tag is 37 % smaller than the reported RFID-enabled sensor tag in [21] . In this paper, an inkjet-printed RFID-enabled haptic sensor utilizing a dual-tag sensing topology on paper substrate is presented. Preliminary results of a prototype sensor tag and a proof-of-concept demonstration of the differential sensing architecture were presented in [11] . This paper additionally includes the parametric analyses used to optimize the size and performance of the sensor, while discussing a theoretical estimation of the range of the dual-tag sensor, and an eventdetection method based on the statistical processing of the sensor response versus frequency.
Nevertheless, there are still numerous challenges on implementing the proposed RFID-enabled sensor with the dual tag sensing topology. First of all, the crosstalk between the multiple tags utilized in the sensor should be considered. A higher amount of power is required to activate the dual-tag sensor compared to typically used single-tag sensor topologies since multiple RFID IC's should be activated by the reader, otherwise same amount of interrogation power result in shorter reading ranges. It is important to find an optimal distance between the two dipole antennas in order to minimize the size of the sensor as well as the crosstalk level, thus preventing unwanted power losses. The cost of the RFID-enabled sensor is also a critical factor for large-scale practical implementations.
In this paper, an antenna-embedded series inductorcapacitor (LC) resonator and inkjet printing technology are employed to address the aforementioned design challenges. The LC resonator has been integrated into the RFID antennas not only to suppress the crosstalk between the antennas but also to reduce the antenna size [12] , [13] . The inkjet printing method was utilized as a fabrication method in this paper in order to take advantages of low-cost, scalable and variable properties of the printing technology [14] , [15] . This paper presents a miniaturized RFID-enabled sensor tag using the printed LC-resonator loaded dipole antenna in reducing the spacing of the sensing tag and the reference tag and provides theoretical insights on design the dual-tag RFID-enabled sensor. The statistical method was utilized to provide robust detection of the event which can be applied to any other dual-tag RFID-enabled sensor topology.
In Section II, the design procedure of the RFID-enabled sensor with the series LC resonator is presented in detail covering the single/dual tag sensing topology, the series LC resonator, and the design rules for the level system integration, as well as a theoretical estimate for the reading range. In Section III, the measured experimental results and an "event-occurrence" decision technique.
II. RFID-ENABLED SENSOR DESIGN WITH LC RESONATOR

A. Dual-Tag Sensing Topology
There are two types of passive RFID-enabled sensing topologies: single-tag sensing and dual-tag sensing. The basic concept of those RFID-enabled sensing topologies is introduced in Fig. 1 . The single-tag topology utilizes one RFID tag integrated with an inductive or a capacitive sensing component [5] , [16] or the sensing capability is implemented on RFID chip [17] - [20] . The backscattered signal from a sensor tag experiences changes, such as frequency shift or modulation, in the event of the detection of different quantities of a sensed parameter. The difference quantities affect the impedance of the RFID antenna-sensor combination, as shown in Fig. 1(a) .
This type of RFID-enabled sensor topology is relatively easy to implement due to the simplicity of the sensor system. However, the resonant frequency of the RFID antenna or a sensing component can also be affected by its surrounding environment. It results in an unwanted shift of the resonant frequency of the sensor tag or a false alarm when the RFID antenna is utilized as a sensor. In this case, it is hard to determine if the sensing event detection from the sensor tag is true or false and a typically cumbersome calibration process has to be implemented.
Unlike the single RFID tag sensing system, the dual-tag sensing topology utilizes two RFID tags (a sensor tag and a reference tag) for a calibration-free detection and decision process as shown in Fig. 1(b) [6] , [21] , [22] . A reader can distinguish two tags because each RFID chip of the tag returns their identification code when a tag is excited. The sensing tag of the dual-tag sensing topology is similar to the sensing tag of the single tag sensing topology while the reference tag is an identical RFID tag excluding the sensing component. The individual backscattered/response signals from the two tags of the dual sensor tag configuration are almost identical when no sensing event is detected. The response of the two tags becomes different when a sensing event is triggered (e.g. in the presence of a sensed substance), and a decision process can be defined by comparing the backscattered signals from the two tags. This type of sensing topology is operating in a robust way compared to the single-tag sensing system because the event decision is made utilizing the difference of the backscattered signals between the sensor tag and the reference tag or the backscattered signal from the reference tag as a calibration signal. Therefore, the effects of unwanted reflections from surrounding objects and of different mounting substrates can be easily calibrated out. However, introducing an additional reference tag increases the total size of the sensor and may also cause crosstalk issues between the individual tags. The crosstalk level typically increases as the distance between the sensor tag and reference tag decreases, which commonly results in short read range and poor readability due to increased minimum required power to activate the passive dual sensor tag. Therefore, when designing a dual-tag sensor, it is important to find the optimum distance between the two antennas (sensor tag and reference tag) in order to satisfy simultaneously the requirements of a minimal crosstalk level and of a miniaturized size. The reported single and dual tag RFID-enabled sensors were summarized in Table I . 
B. Isolation Structure: Series LC Resonator
In this paper, an isolation structure consisting of a series LC resonator is utilized in order to both suppress the crosstalk level and reduce the spacing between the two RFID tags [23] , [24] . In this paper, LC resonator structures that consist of a thin-strip inductor and an interdigitated capacitor [23] , [24] are introduced in the RFIDs' dipole antennas as shown in Fig. 2 . The unit inductance of a flat rectangular line has been reported in [25] showing that its width is the dominant design parameter when its metal thickness is much smaller than the width. The full wave 3D simulator, Ansys HFSS v11.1, is utilized for this analysis. The crosstalk level variation as a function of the width (W L ) of the inductor line while fixing the design parameters of the interdigitated capacitor (W C = 0.1 mm, L C = 2.0 mm) is shown in Fig. 3(a) . The crosstalk level between the antenna 1 and antenna 2 in Fig. 2 (b) is shown in terms of S 21 for a fixed distance between the antennas of d = 45 mm. Its variation versus the changes of the unit inductance of the isolator is relatively small compared to the variation of the crosstalk level versus the capacitance change as shown in Fig. 3 (a), (b). Based on the analysis shown in Fig. 3 , the most important design parameters are the width and the gap of the interdigitated capacitor (W C ) compared to the length of the fingers (L C ) as the fringing capacitance plays a significant role in the value of the total capacitance [26] . Given the area of the patch termination of the RFIDs' dipole antennas, the dimensions of the LC resonator are chosen to minimize the crosstalk level (W L = 0.4 mm, W C = 0.1 mm, L C = 2.0 mm) which results in 29 fingers of the interdigitated capacitor. The L C resonators are placed asymmetrically along the dipole axis (X-axis) to induce outof-phase near-field current to suppress mutual coupling [24] . The overall size of the proposed sensor tag is 77 × 90 mm 2 (69.3 cm 2 ) including the sensing component which is 37 % smaller than the reported RFID-enabled sensor tag that has a size of 58 × 188 mm 2 (109.04 cm 2 ) [21] .
C. RFID-Enabled Sensor Tag With LC Resonators
The smallest distance value (d) between the antennas is chosen in order to minimize the total size of the RFID-enabled sensor tag while satisfying the desired crosstalk level at the operation frequency range. In this paper, the crosstalk level of −25 dB throughout the bandwidth of operation (850-950 MHz) is chosen as a design example. The two RFID tags with the dipole embedded LC resonator are placed side-by-side. The distance (d) of 45 mm (0.137λ 0 ) is chosen and the crosstalk level without the isolation structure (series LC resonator) is shown in Fig. 4 as a reference. The crosstalk level of the antennas with the isolator is about 4 ∼ 5 dB lower than the antennas without the isolator at the operation frequency range. The operation principle of the proposed tag, described in detail in Section III, is dependent on the capability of each antenna to operate independently from the other one, and therefore, suppressing the crosstalk level between the antennas is an important task of this paper. The length of the RFID antennas is also miniaturized due to the loaded LC resonator. The length of the proposed inkjet-printed antenna on paper substrate is 89.2 mm (0.27λ 0 ) which is 28.4 % shorter than the length of the inkjet-printed dipole antenna on paper substrate without any miniaturization (125 mm, [27] ) at the operation frequency of 915 MHz.
The final design step involves the integration of a sensing/ event detecting meandered line with the antenna of the sensing tag, featuring a frequency response that is dependent on the presence of the sensing target. The size of the proposed RFID-enabled sensor including the meandered line is 84 mm × 95 mm. The antenna with the meandered line is the sensing configuration with a frequency response depending on the presence of the sensing target. The meandered line should not affect the antenna's resonant frequency while at the same time it should be sensitive enough to be able to sense the target event. The meandered line is designed to have the high impedance at the resonant frequency of the antenna by optimizing the width (inductance) and the pitch (capacitance) of the meandered line [28] . Thus, it is designed to feature a high impedance (open-circuit) in the absence of a sensing event and a gradually lower impedance value eventually affecting the resonant frequency of the sensing tag in the presence of a sensing target. The optimal value for the width of the meander line is 0.6 mm and the pitch of the line is 3.2 mm and the detailed dimensions of the proposed RFID-enabled sensor are shown in Fig. 2(b) .
The resonant frequency of the sensor tag (antenna 1 in Fig. 2(b) ) is strongly affected by the capacitance variation of the sensing meandered line (capacitive sensing) due to the loading effect when a high dielectric constant (ε r ) and loss tangent (tan δ) material, such as a human finger (haptic sensing), approaches or touches the meandered line. The peak frequency of the reference tag's (antenna 2 in Fig. 2(b) ) S 11 curve is also shifted due to the change of the mutual impedance when the human finger acts as an additional load to the sensor tag resulting in a different matching point. Initially (lack of the finger presence) the two antennas have similar frequency responses (S 11 (antenna 1) & S 22 (antenna 2)) before the human finger touches the meandered line (no event). The resonant frequencies of the antenna 1 and the antenna 2 are 928 MHz and 911 MHz, respectively. The resonant frequency of the sensor tag (antenna 1) is shifted to a lower frequency (885 MHz) due to the loading (higher capacitance) effect of a touching finger (event occurrence) although the reference tag (antenna 2) keeps almost the same resonant frequency (920 MHz). In our benchmarking case, the resonant frequency of the sensor tag shifted by 43 MHz while that of the reference tag shifted by 9 MHz as shown in Fig. 5 . The human finger has been modeled as a rectangular box which has the dielectric constant (ε r ) of 21.14 and the conductivity of 0.36 S/m. The values of the dielectric constant and the conductivity were chosen to the mean values of those of the human skin, the flesh, and the bone [29] . The RFID chip (NXP's SL3ICS1002/1202 [30] ) is modeled as a parallel resistercapacitor (R-C) network to model the frequency dependence of the input impedance of the chip. The modeled resister value (R) is 1.13 k and the capacitance value (C) is 1.41 pF which results in the input impedance of 13.3−j122 at 915 MHz. At 915 MHz, the magnitudes of the reflection coefficients of the antenna 1 (S 11 ) and the antenna 2 (S 22 ) are −8.11 dB and −8.13, respectively. However they get different after the event occurrence (S 11 : −4.54 dB and S22: −9.02 dB), which results in two different required transmitted (Tx) power curves to excite each tag over the simulated frequency range, that can be utilized to make an event decision (Section III-B). Fig. 6 shows the inkjet-printed RFID-enabled sensor on paper and Fig. 7 shows the simulated radiation patterns of the designed RFID-enabled single and dual tag sensors along the E-(XZ) and H-(YZ) planes. The patterns are normalized by that of the reference tag. In the case of the dual tag sensor, the radiation patterns of each tag antenna are plotted by exciting one antenna while leaving open the other. Furthermore, Fig. 7 includes the radiation patterns of the dual tag sensor when a human finger touches the sensor tag. It can be observed that both the single and dual tag sensors have similar radiation patterns with an omni-directional shape. The individual gain values of the antennas of the dual-tag sensor are 3.3 dBi (sensing tag antenna) and 3.71 dBi (reference tag antenna) at 915 MHz, which become 0.0 dBi (sensing tag antenna) and The read range of a single antenna tag can be estimated using (1) based on the antenna gain values, the input impedance of the antenna, and the impedance of the RFID chip, using Friis free-space transmission formula as shown in [31] . The estimated theoretical read range based on the measurement is shown in Fig. 8 . The measured minimum required Tx power to read the both tags (sensor tag and the reference tag) were used to calculate the read range of the sensor tag. The maximum read range is about 2.6 m at 915 MHz before the event occurrence while the read range after the event occurrence is about 1.6 m at 915 MHz due to the decreased gain of the sensor tag as shown in Fig. 9 which limits the read range.
D. Read Range Estimation
where λ 0 is the wavelength in the free-space, P t is the transmitted power by the reader, G t is the gain of the transmitting antenna of the reader, G r is the gain of the receiving RFID tag antenna, P th is the minimum required power to excite the RFID chip, and τ is the power transmission coefficient [31] . Z c = R c + j X c and Z A = R A + j X A are the complex impedances of the RFID chip and the antenna, respectively. The read range R of an RFID tag is proportional to the square root value of the transmitted power P t as shown in (1), because the other parameters such as the wavelength, the gain of the Tx and Rx antennas, the threshold power level to excite a RFID chip P th , and the power transmission coefficient τ [30] are fixed once the antenna measurement system is established at each interrogation frequency. The range equation (1) can be normalized to a reference range factor,
R 0 is the estimated range of a tag which has a gain of 0 dBi and which is matched to the RFID chip at the operation frequency. The normalized range (1) can therefore be written as,
In the case of a two port system such as the dual tag sensor or generally a multiport system, the formulation needs to be modified to reflect the fact that the received power at each antenna is affected by the mutual coupling among the different antennas. The theory of loaded multiport scatterers has been presented in [32] . The theory of [32] combined with reciprocity theory [33] was used in [34] to optimize the RF-DC conversion efficiency of a two-port dual polarized rectenna. Furthermore, [35] applied [32] and presented a formulation deriving the estimated tag range in the case of multi-port (grid) RFID systems.
The received power P r,n at port n is expressed as in [35] 
where G r,n is an embedded realized gain at port n. Setting the received power equal to the threshold power P th to activate the tag chip, and using the definition of the reference range factor R 0 , equation (5) can be solved to derive the range of a chip placed at port n
which is similar to (4). The embedded realized gain G r,n is given by [36] 
where Y = (Z C +Z A ) −1 with Z A =R A + j X A , the impedance matrix of the n-port (here two-port) antenna system and Z C = Z c I n (I n : the identity matrix of dimension n), the impedance of the RFID chip. The operator [Y] n denotes the n-th row (vector) of matrix Y. The definition of g (column vector of normalized antenna gain) in (7) is slightly different than the one presented in [35] in that it includes a √ η factor (η = 120π). The elements g n of column vector g are proportional to the radiated fields F n at port n when a unit current excitation is applied at port n with all other ports open.
Assuming a unit current excitation, the input power at port n is P in,n = R A,nn /2. Considering the definition of antenna gain [36] , the gain G n is computed as follows
R A,nn denotes the self-resistance at port n. Using (9) and (7) one may write (6) as:
with
where τ n is the power transmission coefficient at port n of the multiport system which describes matching of the antennas and the excitation ports. One can easily verify that (11) reduces to (2) in the case of a single antenna. The antenna impedance matrix Z A and far-field components F n and consequently g n can be obtained for example from a commercial EM simulator considering the tag antenna in the transmitting mode. In the case of the dual tag antenna presented in this paper the matrix Z A is not symmetric due to the difference between the sensing and reference tag layouts. The estimated read range of the proposed RFID-enabled sensor tag is shown in Fig. 9 . The direction of the arrows indicates the occurrence of the event (before → after). The performance of the sensing tags (dual-and single tag sensors) has significantly affected by the event while the reference tag of the dual tag sensor maintains its performance.
III. EXPERIMENTAL RESULTS
A. Sensor Interrogation
As a proof-of-concept, the designed RFID-based haptic sensor tag was inkjet-printed on a commercially available photopaper (Kodak, USA [37]), which was then sintered at 120°C for 2 hours as shown in Fig. 6 . Its performance was comprehensively measured. The silver nanoparticle ink and the photopaper substrate have been thoroughly studied and their electrical properties are reported in [7] and [15] . The conductivity value of the inkjet-printed silver nanoparticle ink at room temperature after the sintering process at 120°C is about 2.1 × 10 6 S/m [7] , [15] . The dielectric constant (ε r ) and the loss tangent (tan δ) of the 254 μm thick (10 mil) photo paper at 915 MHz are about 3.1 and 0.05, respectively [37] . The resolution of the inkjet-printing technology is about 25 μm without any surface treatment, and it is possible to realize about 1 μm resolution by utilizing sub-femtoliter ink droplet [38] . The cost of inkjet-printed RFID tags are analyzed in [40] . The printing resolution of 50 μm (600 dpi) can be robustly obtained with a commercial printer which is sufficient for UHF band antennas because it is less than 1/200 of the wavelength at UHF band (300 MHz ∼ 3 GHz) [#] . The simulated resonant frequencies of the antennas with the fabrication error of 50 μm does not shift more than 1 % from the resonant frequency of the antenna without the fabrication error. The variability of the inkjet printing process does not pose a critical concern in the performance of the sensor. The Voyantic Tagformance reader [40] was utilized in all measurements in the anechoic chamber. A circularly polarized panel antenna which has 8 dBi gain was utilized as the transmission (Tx) antenna of the RFID reader and the distance between the Tx antenna and the fabricated RFID-enabled sensor tag was about 60 cm (2 feet). The required minimum transmitted (Tx) power levels from the reader for the excitation of the RFID tags of the RFID-enabled sensor were recorded and plotted. The resolution of the frequency sweep was 1 MHz and the resolution of the Tx power was 0.1 dB. In this paper, an event occurrence is defined when a finger touches the meandered line of the antenna 1 (sensor tag). The RFID chip was modeled as a series RC network in order to get the RFID chip output impedance of 13-j 122 at 915 MHz [30] . It would be more preferable to characterize the RFID chip over the frequency range of interest to accurately evaluate the exact reflection coefficients of the antennas and the values of the required minimum Tx power.
The measurement setup and procedure are shown in Fig. 10 . A narrow band signal is transmitted to the RFID-enabled sensor and backscattered signals from the each tag are recorded at the frequency band of interest (820 MHz ∼ 940 MHz). The whole procedure including frequency sweep and recording the received power takes less than 10 seconds with 1 MHz frequency step when the Voyance Tagformance reader is utilized [40] . The reading time can be reduced by adjusting the resolution of scanning power level and frequency. The received signals from each tag can be distinguished without collision because the reader can handle multiple tags when the RFID system follows EPC Gen2 protocol [41] . The delivered power level at the each antenna was measured as shown in Fig. 11 (5. Rx: Record Delivered Powers over Frequency band in Fig. 10 ). The RFID-enabled sensor which consists of two RFID tags was interrogated with 30 dBm power (FCC part 15 [43] ) and the delivered power to each RFID tag was measured before and after an event occurrence. The delivered power to the antennas was calculated by adding the measured path loss to the measured received power from each tag at the reader. The path loss was measured utilizing a wideband UHF reference RFID tag of the Tagformance reader [40] . The gain of the RFID-enabled sensor is about 3 dBi, the interrogation distance is 0.6 m, and the required minimum power to activate the RFID chip is −15 dBm. A theoretical free space pass loss at 880 MHz is 26.89 dB and the delivered power at the sensor can be calculated using (1) with the link budget. The calculated delivered power at the sensor tag is about 14.11 dBm at the center of the operation frequency range (880 MHz) which is consistent with the data shown in Fig. 11 . The received power levels of the backscattered power from each antenna were almost the same when there was no event. However, a significant difference (up to 1.6 dB around 920 MHz) in the backscatter power level of the two antennas of the dual-tag sensor was observed upon the occurrence of an event such as touch. This response successfully demonstrates the feasibility of the proposed differential sensing mechanism through the use of a simple signal process.
B. Detection/Event Decision
An event decision can be made based on the measurement curves shown in Fig. 11 . The absolute value of the magnitude difference between the two measured received power level curves after the event occurrence is much higher than that in the absence of any event as shown in Fig. 11 and Fig. 12 . For a more accurate event detection, data samples are collected over different frequency points. Each curve shown in Fig. 11 represents a dataset. The data points of each curve are a dataset, and the dataset consists of the measured magnitude of the delivered power to each tag at each frequency. For instance, there are two datasets from the reference tag (solid and dashed gray lines in Fig. 11 ) and the sensor tag (solid and dashed black lines in Fig. 11 ), and each dataset has 121 data points because the delivered power has been measured at each frequency (1 MHz frequency step over the frequency range from 820 MHz to 940 MHz). The mean value (μ) and the standard deviation (σ ) of the dataset experience significant changes before/after the event occurrence. The mean values (μ) of the datasets before the event occurrence are 10.32 dBm (gray curve in Fig. 11 ) and 10.29 dBm (black curve in Fig. 11 ), respectively. The standard deviation (σ ) of the datasets before the event occurrence are 0.32 dBm (gray solid curve in Fig. 11 ) and 0.3 dBm (black solid curve in Fig. 11) , respectively. However, the mean values (μ) of the datasets after the event occurrence are 10.31 dBm (gray dashed curve in Fig. 11 ) and 11.09 dBm (black dashed curve in Fig. 11 ), respectively. The standard deviation (σ ) of the datasets after the event occurrence are 0.52 dBm (gray dashed curve in Fig. 11 ) and 0.78 dBm (black dashed curve in Fig. 11 ), respectively. The mean value (μ) and the standard deviation value (σ ) of the sampled absolute power level difference curves from the sensor tag (antenna 1) and the reference tag (antenna 2) before the event occurrence results in close values due to the small differences between the received power level curves (gray line in Fig. 12) . However, the mean value (μ) and standard deviation (σ ) are significantly different after the event occurrence due to the noticeable differences between the power level curves (black line in Fig. 12 ). The correlation coefficient (ρ) of the two datasets of the recorded (sampled) received power levels by the reader changes dramatically due to the significant changes of the mean values (μ) and standard deviation values (σ ) in the event of a touching incident. The Pearson product-moment correlation coefficient of the variable X and Y (PPMCC, ρ X,Y ), which is commonly used to quantify the degree of the linear dependence and similarity of two variables in a simple way can be calculated as shown in (12) [43] . In addition, the PPMCC value is the same regardless of the magnitude of the curves, enabling a rugged sensing performance that is almost independent from the interrogation range and angle despite the fact that received power levels may vary significantly. It enables robust sensing because the behavior of each tag is independent from the interrogation distance and angle although the received power level may vary depending on those. In this paper, the variable set X is the received power from the sensor tag (antenna 1) and the variable set Y is that from the reference tag (antenna 2) at the reader which are shown in Fig. 11 . and −1 inclusively depending on the similarity of the variables. In case of a discrete dataset, which is the most common data form in most of the sensor systems, the correlation coefficient of (12) can be re-written as the sample correlation coefficient, r , (13) [44] .
where N is the number of the sample dataset,X andȲ are the mean values of the datasets X and Y , respectively. In this paper, the magnitude of the correlation coefficient of the received power level curves can be considered as the similarity of the two curves [43] . The correlation coefficient value is close to +1 when the two curves are very similar while the value is getting lower as the absolute difference of the curves increases over the frequency of operation. The minimum required number of the sampled data points can be estimated based on the confidence interval (β) and the chance of successful event detection ( p) as shown in (14) [44] .
In this paper, the 99% of confidence interval and 95 % of successful event detection are assumed and it requires more than 90 sample points which number is smaller than the data points used in calculating correlation coefficient (r ). In this work, 121 sample points were used in calculating the correlation coefficient since the resolution of the frequency sweep was 1 MHz. Based on the measurement, the sample correlation coefficient value before an event occurrence was 0.97, while it dropped to 0.68 after event occurrence. The event occurrence decision can be made based on the abrupt change of the sample correlation coefficient at the reader side, with a value around 0.75 ∼ 0.85 can be used as the threshold for the detection.
IV. CONCLUSION AND FUTURE WORK
In this paper, a novel inkjet-printed dual-tag RFID-enabled haptic calibration-free sensor with miniaturization/reduced crosstalk enhancing LC resonators, which are embedded in the tag antennas, are introduced on paper substrates. Two RFID tags at 915 MHz are juxtaposed to implement a differential sensing mechanism, which features numerous advantages, including a high event-detection sensitivity as well as performance that is nearly independent from the ambient sensitivity. The differential sensing mechanism utilizing two RFID tags has many advantages such as high sensitivity to ambient environment and mounting substrate, which eliminates the need for time-consuming additional calibration steps. The measured data have verified the "rugged" performance of the proposed RFID-enabled sensor in terms of transmitted/received power level at the RFID reader and the Pearson product-moment correlation coefficient has been utilized to detect and decide a haptic event occurrence (e.g. presence of a human finger).
The future work is to develop a reader to read the proposed RFID-enabled dual tag sensor. The reader for the proposed sensor requires frequency sweep, signal processing, and EPC Gen 2 protocol capability to detect and interrogate the proposed dual tag sensor. Numerous types of sensors (humidity, gas, strain, etc.) can be generated based on the proposed dual tag sensor topology by printing sensing materials on the sensor tag [7] , [39] , [45] . Large number of sensor tags can be also easily fabricated and deployed due to the repeatability and reliability of the printing technology. The proposed sensor topology could find numerous future applications ranging from Man-to-Machine and Machine-to-Machine (M2M) communications to "smart" agricultural and liquid level and quality monitoring and identification.
